Abstract: Sex differences in foraging behaviour have been attributed to size dimorphism, niche divergence, and sexspecific fitness-maximizing strategies. Although sex differences in diving behaviour of marine carnivores are thought to result in sex differences in diet, this is not known for any species over temporal scales relevant to life-history characteristics. We examined blubber fatty acid (FA) profiles of gray seals, Halichoerus grypus (Fabricius, 1791), a sexually size-dimorphic species in which sex differences in foraging behaviour have been observed. FA profiles reflect prey consumed over a period of weeks or months. FA profiles of adult males and females varied significantly by season but there was a season by sex interaction, indicating that seasonal changes in diet differed by sex. FA profiles of adults also varied interannually, with a significant sex by year interaction. Interannual variability may have been a response to changes in ocean-bottom temperatures affecting prey availability or changes in prey abundance. Adult FA profiles differed from those of 6-month-old juveniles; however, there was no evidence of sex differences in the diet of younger animals. Our results indicate that sex differences in the foraging behaviour of adults are reflected in differences in diet at multiple temporal scales.
Introduction
The way individuals interact with their environment to acquire the nutrients and energy necessary for survival and reproduction has long interested ecologists. Foraging ecology can be influenced by both extrinsic and intrinsic factors. For example, seasonal and interannual changes in prey availabil-Toit 2000). These intrinsic factors may also influence how animals respond to environmental variability at multiple temporal scales (Whitehead 1996; Beck et al. 2003a ).
Sex differences in foraging ecology are evident in a variety of animal taxa, e.g., mammals (Clutton-Brock et al. 1983) , birds (Ligon 1968) , reptiles (Parmelee and Guyer 1995) , and invertebrates (Jormalainen et al. 2001) . Niche divergence (Schoener 1969; Clarke et al. 1998) , sex-specific fitnessmaximizing strategies (Clutton-Brock and Parker 1992; Jormalainen et al. 2001) , and the energetic consequences of sexual size dimorphism (Clutton-Brock et al. 1987; Mysterud 2000) have been advanced to account for those differences. Although not mutually exclusive, these hypotheses differ in the extent to which they predict sex differences in diet. In size-dimorphic species, the larger sex may consume more of the same foods eaten by the smaller sex or consume a different diet to satisfy its higher energy requirement (CluttonBrock et al. 1982; Main and Coblentz 1990; Stokke 1999) . The niche-divergence hypothesis predicts that where foraging locations of males and females overlap, the sexes may reduce competition by consuming different prey (Schoener 1969; Hughes 1980; Williams 1980; Clarke et al. 1998) . Alternatively, niche divergence may result in males and females foraging in different places but on similar diets. Males and females may also forage differently as a result of differences in their fitness-maximizing strategies or the sexspecific costs of reproduction (Clutton-Brock et al. 1983; Petit et al. 1990; Parmelee and Guyer 1995; Ginnett and Demment 1997) . Although the latter hypothesis does not generally make specific predictions regarding the composition of the diet of males and females, evidence from the marine isopod Idotea baltica (Pallas, 1772) indicates that sexspecific fitness-maximizing strategies may result in the sexes consuming different diets (Jormalainen et al. 2001 ).
Sex differences in diet have been studied among ungulates, birds, and lizards (Clarke et al. 1998; Eifler and Eifler 1999; Perez-Barberia and Gordon 1999) ; however, less is known about sex differences in the diets of marine carnivores. Sex differences in foraging behaviour of size-dimorphic pinnipeds (e.g., northern elephant seals, Mirounga augustrioustris (Gill, 1866) , southern elephant seals, Mirounga leonina (L., 1758) (Slip et al. 1994) , and gray seals, Halichoerus grypus (Fabricius, 1791) (Beck et al. 2003a (Beck et al. , 2003c ), have been reported. However, the consequences of these sex differences in behaviour on diet are unknown, owing to difficulty in sampling the diets of most marine carnivores. This difficulty arises because prey are often consumed at depth and at remote locations where foraging cannot be observed. Traditional methods of estimating diet rely on the recovery of prey hard parts from faecal samples or stomach contents and usually involve substantial biases (Jobling and Breiby 1986; Jobling 1987; Harvey 1989; Bowen 2000) . Because of rapid digestion of prey, such samples provide information mainly on the last meal consumed. In the case of wide-ranging species, the sample obtained may not be representative of the long-term diet. Furthermore, it is often not possible to determine the age and sex of the individuals that contributed samples using traditional methods of diet determination.
These biases and limitations have led to the development of alternative methods of diet analysis, including fatty acid (FA) analysis, that do not rely on the recovery of prey hard parts and that integrate the diet over ecologically significant periods of time (Iverson 1993; Iverson et al. 1997a ). There is a diverse array of FAs in marine ecosystems (Ackman 1980) , which are consumed and deposited in the predator's adipose tissue with little modification (Cook 1991) or in a predictable manner, such that the FA profile of the predator's tissue reflects that of the prey consumed (e.g., Rouvinen and Kiiskinen 1989; Iverson 1993; Pond et al. 1995; Raclot et al. 1998; Kirsch et al. 2000; Iverson et al. 2001) . FA profiles are advantageous in that they represent an integration of the predator's diet over several weeks to months. As a result, FA profiles reflect dietary intake over the spatial and temporal scales relevant to life-history traits. In addition, because the tissue samples are collected directly from the individual, phenotypic characteristics of the animal can be obtained and used to make inferences regarding the species' foraging ecology.
The gray seal is a size-dimorphic marine carnivore in which males are approximately 1.5 times heavier than females throughout the year (Beck et al. 2003b) . Size dimorphism is evident early in life, with males being 8% heavier than females at weaning (Hall et al. 2001 ). In the northwest Atlantic population, satellite and geolocation data (Beck 2002; W.D. Bowen, unpublished data) indicate broad overlap in the distribution of adult males and females during the 8-month prebreeding foraging period. During this period males and females exhibit significantly different seasonal patterns of diving behaviour and energy storage (Beck et al. 2003a (Beck et al. , 2003b (Beck et al. , 2003c . In this study, we used FA profiles of adult (>5 years old) gray seals to test the hypothesis that sex differences in foraging behaviour are accompanied by differences in diet. We used seasonal and interannual data to test whether the diets of both sexes responded to environmental variability in similar ways. Finally, to determine whether sex-specific diets were evident in the first year of life and to examine age-related differences, we compared the FA profiles of adult males and females with those of 6-month-old juveniles of each sex.
Materials and methods

Field sampling
The study was carried out between 1993 and 2000 on Sable Island (43°55′N, 60°00′W), a partially vegetated sandbar approximately 300 km southeast of Halifax, Nova Scotia, Canada. Sable Island supports the largest breeding colony of gray seals in the world. Although numbers are greatest during the breeding and moulting period, gray seals are found on the island throughout the year.
Adult gray seals were captured onshore using hand-held nets (Bowen et al. 1992) . Blubber biopsies were taken during the spring moult (May-June), in the fall (late September and early October), and early in the breeding season (late December and early January). Given that FAs are deposited in the blubber over time (Kirsch et al. 2000) , we assumed that the FA profiles at these sampling times reflect the diet in the spring, summer, and fall/early winter, respectively. FA profiles of 6-month-old juveniles, captured and sampled in June using the same methods, were also assumed to reflect spring diets.
Blubber biopsies were taken from each animal at the capture location while it was restrained in a hand-held net. The biopsy was taken by first shaving a small area on the posterior flank of the animal and making a shallow (1 cm) incision in the skin with a sterile scalpel. A sterile 6-mm biopsy punch was then inserted through the incision and a core taken through the full depth of the blubber layer. The incision was then cleaned and sprayed with a topical antibiotic (Topazone). Biopsy samples were wrapped in tinfoil and kept chilled for several hours until they were weighed, placed in a solution of 2:1 chloroform:methanol containing 0.01% 2,6-di-tert-butyl-4-methyl-phenol and stored frozen (-20°C) until analysis. All procedures used on gray seals in this study were in accordance with the principles and guidelines of the Canadian Council on Animal Care (1984, 1993) .
Laboratory procedures
Lipid was extracted from each sample in chloroform using a modified Folch method (Folch et al. 1957; Iverson et al. 2001) . FA methyl esters were prepared from ≤100 mg of the pure lipid (filtered and dried over anhydrous sodium sulfate) by transesterification using 1.5 mL of anhydrous 8% boron trifluoride in methanol (v/v) and 1.5 mL of hexane, capped under nitrogen, and heated for 1 h at 100°C. FA methyl esters were then extracted into hexane, concentrated, and brought up to volume (50 mg·mL -1 ) with high-purity hexane. This anhydrous boron trifluoride method produced results identical with those obtained using H 2 SO 4 as catalyst.
FA methyl esters were analyzed in duplicate using temperature-programmed gas-liquid chromatography according to Iverson et al. (1997a) and Budge et al. (2002) . Analyses were performed on a Perkin Elmer Autosystem II Capillary FID gas chromatograph fitted with a 30 m by 0.25 mm interior diameter column coated with 50% cyanopropyl polysiloxane (0.25 µm film thickness; J&W DB-23, Folsom, California) and linked to a computerized integration system (Turbochrom ® version 4.1.2; Perkin Elmer Nelson 1996). Sixty-seven FAs were identified using known standard mixtures (Nu-Chek Prep, Inc., Elysian, Minnesota), silver nitrate (argentation) chromatography, and gas chromatography / mass spectrometry (Iverson et al. 1997a; Budge et al. 2002) . Each chromatogram was checked to ensure that all FAs were correctly identified, with correction and reintegration where necessary. FAs are expressed as mass percent of total FA and are designated by the shorthand nomenclature of carbon-chain length : number of double bonds and location (n-x) of the double bond nearest the terminal methyl group.
Statistical analyses of FA profiles
MANOVA and discriminant function analysis (DFA) were used to examine the effects of sex, age class, and season on FA profiles (SPSS ® version 10.1; SPSS Inc. 2000). To test for interannual differences in profiles, we first ran an overall MANOVA. Given that this overall model was significant, we constructed contrasts to determine which years differed from one another (SAS ® version 8.2; SAS Institute Inc. 2002). These multivariate methods require that the number of samples exceeds the number of variables to provide reasonable assurance that covariance matrices are homogeneous and to avoid overfitting (Stevens 1986) . Because the number of animals sampled varied among periods, and samples were not available in all periods (Table 1) , we used the largest subsets of samples and FAs available for each analysis (see Results). Although 67 FAs were routinely identified, we used only the 38 that provide information about diet (Cook 1991) . These 38 FAs accounted for 85.8 ± 0.07% (mean ± 1 SE) of the total of 67 FAs identified in our samples. Where small sample size limited the number of FAs that could be used, we chose the 21 that exhibited the greatest average variance across samples to maximize the amount of information retained (Table 2 ). This subset of 21 FAs accounted for 82.6 ± 0.07% of total FA by mass. Prior to each analysis, FAs were transformed to normalize the data using a logarithmic transformation designed for compositional data (Aitchison 1986; Budge et al. 2002) . FA data were also examined for outliers. Extreme outliers that were not dataentry errors were recoded to reduce their influence (Tabachinck and Fidell 2001) . These extreme outliers accounted for <0.2% of the data and were recoded to fall within 3 standard deviations of the mean.
Results
Blubber samples were taken from 485 adult gray seals over the 8-year period and from 91 six-month-old juveniles between 1997 and 2000 (Table 1 ). Roughly equal numbers of males and females were sampled at each time period. Average FA composition of gray seal blubber is shown in Ta 16:1n-7, 18:1n-9, 20:1n-9, 20:5n-3, 22:5n-3, and 22:6n-3) accounted for between 65.6% and 68.6% of the total FA by mass for all seasons and age classes. Overall, saturated, monounsaturated, and polyunsaturated FAs accounted for 15.5%, 53.2%, and 30.8% of total FA by mass, respectively (Table 2) .
Temporal variation and sex differences in FA profiles
The FA profiles of adult gray seals differed significantly by year (MANOVA: F [228, 2202] = 12.65, p < 0.001). This analysis was conducted using spring and fall / early-winter data from 1993 to 1999 only, to avoid potential biases associated with not sampling all three seasons in all years. Posthoc contrasts indicated that all years were significantly different from one another (p < 0.001 in all cases). To further investigate these interannual differences, we used DFA to determine how well FA profiles could be classified by year and to illustrate the relationships among years (Fig. 1) . This analysis showed that samples collected in 1997 differed from those collected in all other years, with samples col- Spring and fall/early-winter data were pooled for each year in this analysis. Summer samples were not included, given that samples could not be collected in October of all years. The 1st discriminant function explained 70.9% of the variation between years, while the 2nd and 3rd discriminant functions explained 13.1% and 6.1% of the variation, respectively.
lected from 1993 to 1996 forming one cluster and samples collected in 1998 and 1999 forming another (Fig. 1) . The 1st discriminant function was most highly correlated (r = 0.646) with 18:3n-6, whereas 17:0 and 22:2n-6 had the highest loadings on the second function, separating 1997 from all other years. The FA 18:3n-4 was the most influential when discriminating years within the two multiyear clusters. Overall, samples were assigned to the correct year 93.3% of the time, with a cross-validation error rate of 12.6%. Most misclassifications occurred within the 1993-1996 cluster as illustrated by the distribution of data along the 3rd discriminant function (Fig. 1) . To determine whether males and females showed similar patterns of interannual variation, we conducted a second two-way MANOVA using 21 FAs and omitting 1995 because of the small number of males sampled in that year. As above, this analysis included only the data collected in the spring and fall/early winter. Both year (MANOVA: F [105, 1690] = 6.99, p < 0.001) and sex (F [21, 334] = 18.46, p < 0.001) were significant factors, with a significant sex by year interaction (F [105, 1690] = 2.223, p < 0.001). For both sexes, samples from 1997 were distinct from all other years. The significant interaction term indicated that the way in which the percentage of individual FAs varied among years differed between males and females.
The FA profiles of adult gray seals also varied seasonally (MANOVA: F [76, 438] = 7.92, p < 0.001; Fig. 2 ). This analysis was conducted using years in which samples were collected in all three seasons (1995-1997 and 1999) . DFA indicated that spring and fall/early-winter profiles differed along the 1st discriminant function mainly because of variation in 16:3n-1 and 22:5n-6, while the 2nd discriminant function separated summer profiles from those in other seasons (heavy loadings on 16:3n-1, 20:2n-6, and 20:1n-7; Fig. 2) . FA profiles were assigned to the correct season 89.1% of the time with a crossvalidation error rate of 17.2%. Misclassifications occurred most often when spring samples were classified as summer samples.
Male and female gray seals differ in seasonal dive effort (Beck et al. 2003a (Beck et al. , 2003c . To test the hypothesis that differences in dive effort result in differences in diet, we examined the FA profiles of males and females by first using only spring and fall/early-winter data from 1993-1999 to maximize sample size and the number of FAs that could be used. This analysis indicated significant season (MANOVA: F [38, 365] = 36.57, p < 0.001) and sex effects (F [38, 365] = 22.16, p < 0.001) as well as a significant season by sex interaction (F [38, 365] = 7.727, p < 0.001). Although the FA profiles of male and female gray seals differed in both seasons (p < 0.001), the relative difference between the sexes was greater in the spring than in the fall/early winter (Fig. 3) , resulting in a significant interaction term. DFA indicated that samples were classified to the correct season and sex group 91.9% of the time with a cross-validation error rate of 14.3%. Misclassifications were most often the result of winter samples being classified to the wrong sex. Again, 16:3n-1 and 22:5n-6 were highly correlated with the 1st discriminant function, whereas 20:5n-3, 16:4n-1, 18:4n-1, and 20:2n-6 mainly accounted for separation along the 2nd discriminant function. To further investigate seasonal differences, we conducted a second analysis including samples collected in the fall (representing the summer diet). In this analysis we used the reduced subset of 21 FAs and only those years in which samples were collected in all seasons (1995-1997 and 1999 ). This analysis also showed significant season (F [42, 466] = 6.40, p < 0.001) and sex effects (F [21, 232] = 12.00, p < 0.001) and a season by sex interaction (F [42, 466] = 4.43, p > 0.001). As above, the FA profiles of males and females differed significantly at each sampling period (p < 0.001 in all cases), but . This analysis includes data only from those years in which adults were sampled in all three seasons (1995-1997 and 1999) . The 1st and 2nd discriminant functions explained 85.5% and 14.4% of the variation among samples, respectively. the difference between the sexes was relatively smaller in the fall/early winter than in the spring and summer, resulting in a significant interaction term; this is illustrated in Fig. 4 .
Sex and age-class differences in FA profiles
FA profiles differed significantly by age class (MANOVA: F [38, 165] = 57.044, p < 0.001) and sex (F [38, 165] = 4.388, p < 0.001), and there was a significant sex by age class interaction (F [38, 165] = 5.932, p < 0.001). The 1st discriminant function separated age groups (Fig. 5) and was correlated most strongly with 18:3n-6. The 2nd discriminant function accounted for differences between adult males and females and was most influenced by 14:0, 16:0, 18:3n-4, 20:5n-3, and 22:1n-11 . DFA classified individuals to the correct age and sex class 86.4% of the time, but with a high cross-validation error rate of 23.3%. These misclassifications were almost entirely the result of juveniles being categorized to the wrong sex. No misclassifications occurred between age groups. Thus, adult males and females differed from juveniles and each other, but no sex difference was evident in the younger animals (Fig. 5) .
Discussion
FA profiles have provided insight into the foraging ecology of several species of marine mammals, seabirds, and terrestrial carnivores by revealing geographic and temporal changes in diet (Pond et al. 1995; Iverson et al. 1997a Iverson et al. , 1997b Iverson et al. , 2001 Raclot et al. 1998; Lea et al. 2002; Walton and Pomeroy 2003) . Given that blubber FAs are deposited in predators' tissues over a period of time (Kirsch et al. 2000) , FA profiles provide an integration of prey consumed at time scales relevant to survival and reproductive performance of individuals. Our results revealed significant sex differences in the FA profiles of adult gray seals. These differences were evident among seasons and across years, but the way in which males and females differed also varied at these temporal scales. Differences in FA profiles between groups can arise from differences in the proportion of the same prey species consumed or from groups consuming different prey species or mixtures of species. It is not possible to distinguish between these sources of variation using predator FA profiles alone. This is because it is not possible to interpret the levels of individual FAs as indicators of specific prey species having been consumed (Iverson et al. 2004 ). Nevertheless, the observed seasonal and interannual differences in the FA profiles of adult male and female gray seals suggest that the sexes differ in how they meet their food requirements, a pattern also found in other carnivorous animals (e.g., birds, snakes, Houston and Shine 1993; turtles, Lindeman 2003) .
A number of relatively minor FAs were often the best at discriminating differences between the factors we studied. However, this should not be interpreted as the only basis for differences among groups. For example, while 18:3n-6, 17:0, 22:n-6, and 18:3n-4 played the leading role in discriminating FA profiles of adult gray seals by year ( Fig. 1 ; see Results), 35 of the 39 FAs used in this analysis (Table 2) showed significant differences by year (MANOVA, test of between-subject effects: p < 0.05 in all cases). These 35 FAs accounted for 81.7 ± 0.10% of total FA by mass for individual samples. Thus, major FAs also varied among groups.
The FA profiles of 6-month-old juveniles differed from those of adults. Studies on several pinniped species, including the gray seal, have shown that during the first year of life both the physiological and behavioural ability of juveniles to dive and capture prey is still developing (e.g., Steller's sea lions, Eumetopias jubatus (Schreber, 1776), Fig. 3 . Sex and seasonal differences in the FA profiles of adult gray seals from 1993 to 1999, based on DFA. Summer samples were not included, owing to a lack of samples in some years. The 1st and 2nd discriminant functions explained 59.8% and 29.3% of the variation among samples, respectively. ing site. However, both sexes increase their rate of energy storage during the 3 months prior to reproduction (Beck et al. 2003b) , and thus both sexes may forage more selectively on a few high-quality prey species during the fall/earlywinter period.
Although seasonal changes in foraging behaviour and FA profile (i.e., diet) may reasonably be attributed to differences in the way each sex prepares for reproduction, sex differences seen in the FA profiles might also indicate niche divergence. Male and female gray seals use similar broad-scale foraging areas and dive to relatively similar depths (mean dive depth 57 m for males and 49 m for females; Beck et al. 2003a ), thus differences in diet (i.e., FA profile) between males and females may also reduce intraspecific competition. Nevertheless, a strong test of the influence of the nichedivergence hypothesis would also require evidence of divergence in the feeding structures of males and females (Shine 1989) . Those data are not available for gray seals.
Adult male gray seals are significantly larger than adult females (Beck et al. 2003b ) and thus body-size dimorphism may also play a role in sex differences of foraging by requiring a higher rate of energy intake by the larger sex. The lack of sex differences in juveniles may simply reflect the smaller size difference between males and females at this age and the lack of reproductive costs borne by adults, so differences in energy requirements maybe insufficient to influence foraging behaviour and diet. Among adult gray seals, males may achieve a higher overall intake by consuming a larger quantity of the same diet consumed by females, as is the case in the size-dimorphic honey badger, Mellivora capensis (Schreber, 1776) (Begg et al. 2003) . Alternatively, male gray seals may consume different proportions of the same prey or may consume different or additional prey species to increase their overall intake relative to females. The latter two scenarios would lead to differences in the FA profiles of males and females, suggesting that size dimorphism may also play a role in gray seal foraging ecology. Sex differences in the composition of the diet of several ungulate species have been attributed to size dimorphism (Ginnett and Demment 1997; Perez-Barberia and Gordon 1999) . In these cases, males (the larger sex) consume a wider variety of forage in order to increase overall intake. In contrast, females spend more time foraging but consume fewer types of higher quality forage. The increased foraging time observed in female ungulates is thought to represent the increased search time required to locate the higher quality food source. Given the higher overall dive (and thus foraging) effort seen in female gray seals (Beck et al. 2003a (Beck et al. , 2003c ) and the significant difference in FA profiles (and thus diets), such an explanation may also apply to this species. If so, the effects of body-size dimorphism on differences in the diets of adult males and females would appear to be a common feature across a variety of taxa, including pinnipeds.
